The Pd and Pd-Cu on alumina catalysts were tested for hydrogenation of vinyl acetylene in mixed C4 in a circulating tubular reactor. The results showed that adding proper amounts of Cu improved the reaction activity, but inhibited 1,3-butadiene selectivity. Moreover, the presence of Cu retarded the carbon deposition on catalysts during the reaction. Temperature programmed oxidation (TPO), Temperature programmed reduction (TPR), H 2 chemisorption, and X-ray photoelectron spectroscopy (XPS) were utilized to characterize the catalysts. The characterization suggested both geometric and electronic modifications.
Introduction
Concentrated vinyl acetylene mixed C4, containing vinyl acetylene up to 30 wt %, generated from the butadiene extraction process is continuously flared due to safety reason [1, 2] . Therefore, converting vinyl acetylene in this stream by selective hydrogenation to 1,3-butadiene is not only a benefit to environmental concerns, but also to the economics of the entire C4 processes. However, the available catalysts for selective hydrogenation of a large portion of vinyl acetylene are still very limited [1, 3] . Therefore, we attempted to test the catalysts for hydrogenation of vinyl acetylene in mixed C4 from a commercial butadiene extraction process. In this study we show the results from using alumina-supporting Pd-Cu catalysts and compare them to monometallic Pd catalyst.
Supporting Pd catalysts have been studied in selective hydrogenation of alkyne in both gas and liquid phases [4] [5] [6] [7] [8] . In particular, Pd supported on alumina (Pd/Al 2 O 3 ) is utilized as a catalyst in several commercial hydrogenation processes [9] [10] [11] . Furthermore, Pd/Al 2 O 3 can be promoted or doped by other transition metals (e.g., Cu, Ag, Pb) to improve the catalytic performance. Pachulski et al. [12] investigated Ag-promoted Pd/Al 2 O 3 catalysts prepared by the incipient wetness impregnation technique on gas phase acetylene hydrogenation and observed that, by adding Ag to Pd/Al 2 O 3 , the catalytic activity was slightly reduced, but ethylene selectivity and catalytic stability are significantly improved. Kim et al. [13] studied the effect of adding Cu and Ag to Pd/Al 2 O 3 by using a surface redox and impregnation on selective hydrogenation of acetylene. They reported that, if the catalysts are prepared by the surface redox method, Cu-promoting catalysts provided the highest ethylene selectivity while Ag promoting catalysts showed the highest ethylene selectivity if the catalysts are prepared by impregnation method. Nevertheless, catalyst promoted by either Cu and Ag showed significantly drop in their activity. Lederhos et al. [14] also reported that the Pd-W and W-Pd bimetallic catalysts can greatly improve both selectivity and conversion in the liquid phase hydrogenation of 1-heptyne.
Cu was selected to promote the Pd catalyst for vinyl acetylene hydrogenation because Cu was reported to be active and selective in the hydrogenation of alkyne hydrogenation. For example, Koeppel et al. [15] investigated the hydrogenation of unsaturated C4 including vinyl acetylene, 1-butyne and 1,3-butadiene by Cu on silica catalysts. Their results showed that the catalysts can hydrogenate only alkynes but not alkenes. Setiawan et al. [16] also reported the removal of alkynes contaminants from industrial C4 stream by using Cu on silica catalysts. Wehrli et al. [17, 18] studied the hydrogenation of propyne by supported Cu catalysts and they found that the supported Cu catalysts have the high selectivity of propyne hydrogenation toward propene. Friedrich et al. [19] studied partial acetylene hydrogenation by 60:40 atomic ratio of Cu:Pd catalyst. They reported that the Cu 60 Pd 40 catalysts provide higher ethylene selectivity with less deactivation than the Pd catalyst. Furthermore, Cai et al. [20] studied the denitrification reaction of nitrate by Pd-Cu alloy nanocatalysts on alumina under a hydrogen atmosphere. It was found that adding Cu increases nitrate conversion compared to Pd monocatalyst and the Pd:Cu 50:50 provides the highest nitrate conversion.
In this work, the Pd and Pd-Cu catalysts are prepared by conventional incipient wetness impregnation method and tested for catalytic hydrogenation of vinyl acetylene in the mixed C4. The reaction conditions, including temperature and pressure of hydrogen, are set in the safety region and the reaction is conducted in liquid hexane. The catalytic performances including rate of vinyl acetylene conversion and 1,3-butadiene selectivity are then obtained. Furthermore, the catalysts are also characterized by several techniques, including X-ray photoelectron spectroscopy (XPS), temperature programed reduction (TPR), temperature programed oxidation (TPO), and H 2 -chemisorption. Figure 1 shows the rate of vinyl acetylene, 1,3-butadiene selectivity and yield of Pd-Cu catalysts compared to those of the Pd catalyst. As shown in Figure 1A , Pd-Cu catalysts have a relative constant rate of vinyl acetylene conversion until vinyl acetylene conversion is around 80%, beyond 80% conversion, the rate is significantly decreased similar to the case of using Pd/Al 2 O 3 catalyst. Comparing to Pd, Pd:Cu 1:1 and 3:2 catalysts exhibited the higher rate of hydrogenation while Pd:Cu 1:4, 1:2, and 2:1 exhibited the lower rate. To observe the catalysts' performance, we compare the rate of vinyl acetylene conversion of each prepared catalyst at the 70% conversion where the yield of 1,3-butadiene is the maximum ( Figure 1C ). The rate of vinyl acetylene conversion for Pd:Cu 1:4, 1:2, 1:1, 3:2, 2:1, and Pd catalysts are 0.032, 0.039, 0.048, 0.052, 0.040, and 0.047 (mole vinyl acetylene per gram catalyst per hour), respectively, as illustrated in Figure 1D . Obviously, a proper amount of added Cu to Pd/Al 2 O 3 catalyst improves the rate of vinyl acetylene conversion. It is interesting to note that the Pd:Cu ratio of 3:2 shows the highest reaction rate which corresponds to the highest hydrogen adsorption per Pd as obtained from hydrogen chemisorption experiments. For comparison purposes, the Cu/Al 2 O 3 catalyst was also tested and the hydrogenation did not take place.
Results and Discussion
The turn-over frequency (TOF) number of vinyl acetylene on Pd is calculated based on the exposed Pd obtained from chemisorption. As shown in Figure 2 , 1:4, 1:2, and 1:1 Pd:Cu catalysts exhibit TOF around 4 s −1 which is higher than TOF number of Pd:Cu at ratios 3:2, 2:1, and Pd catalysts (TOF around 2.5 s −1 ). This suggests that Pd with more neighboring Cu is more active, possibly due to the electronic modification as hinted by the results from XPS.
In Figure 1B , the selectivity of 1,3-butadiene is gradually decreased with increasing vinyl acetylene conversion, however, the 1,3-butadiene selectivity is significantly dropped when the vinyl acetylene conversion is greater than 80%, due to further hydrogenation of 1,3-butadiene to butenes as shown in Figure S1 and S2. Interestingly, the amount of added copper does not have significant effect on 1,3-butadiene selectivity, as shown in Figure 1E .
As illustrated in Figure 1C , the yield of 1,3-butadiene for each catalyst is increased with an increase of the conversion and reached the maximum at around 70%-80% conversion. The yield is dramatically dropped when the conversion is beyond 80%. Figure 1F shows the yield of 1,3-butadiene at 70% conversion of vinyl acetylene for different Pd:Cu atomic ratio catalysts. It can be observed that adding Cu has no effect on 1,3-butadiene yield for the tested catalyst.
Adding Cu to Pd/Al 2 O 3 catalyst can cause both positive and negative effects on the rate of vinyl acetylene hydrogenation. For the Pd:Cu ratio of 1:4 and 1:2, adding Cu to the Pd/Al 2 O 3 catalyst significantly reduces the rate of vinyl acetylene hydrogenation per gram of catalyst, but the selectivity toward 1,3-butadiene is still comparable to the Pd/Al 2 O 3 catalyst at 70% conversion. However, as the ratio of Pd to Cu increases, until the Pd:Cu ratio of 1:1 and 3:2, the rate of vinyl acetylene hydrogenation is higher than that of monometallic Pd catalyst. However, if the Pd:Cu ratio is increased to 2:1, the rate of vinyl acetylene hydrogenation is significantly dropped, as shown in Figure 1D . at 70% conversion of vinyl acetylene for different Pd:Cu atomic ratio catalysts. It can be observed that adding Cu has no effect on 1,3-butadiene yield for the tested catalyst. Adding Cu to Pd/Al2O3 catalyst can cause both positive and negative effects on the rate of vinyl acetylene hydrogenation. For the Pd:Cu ratio of 1:4 and 1:2, adding Cu to the Pd/Al2O3 catalyst significantly reduces the rate of vinyl acetylene hydrogenation per gram of catalyst, but the selectivity toward 1,3-butadiene is still comparable to the Pd/Al2O3 catalyst at 70% conversion. However, as the ratio of Pd to Cu increases, until the Pd:Cu ratio of 1:1 and 3:2, the rate of vinyl acetylene hydrogenation is higher than that of monometallic Pd catalyst. However, if the Pd:Cu ratio is increased to 2:1, the rate of vinyl acetylene hydrogenation is significantly dropped, as shown in Figure 1D . The Pd dispersion based on the results of hydrogen chemisorption on the studied catalysts are summarized in Table 1 . The Pd/Al2O3 catalyst has 19% dispersion while the Pd-Cu/Al2O3 catalysts with Pd to Cu ratio less than 1 show significantly lower Pd dispersion. However, for Pd-Cu/Al2O3 catalysts with the Pd:Cu ratio higher than 1, the catalyst shows the metal dispersion at the similar level of the Pd/Al2O3 catalyst. Moreover, only Pd:Cu 3:2 catalyst provides about 27% dispersion which is higher than the monometallic Pd catalyst. The results of temperature program reduction (TPR) of calcined catalysts are illustrated in Figure  3 . For the calcined copper on alumina (calcined Cu/Al2O3), a broad positive peak which is maximum at 261 °C indicates the reduction of CuO by hydrogen. Interestingly, the TPR of calcined Pd/Al2O3 has a negative peak at 88 °C possibly due to hydrogen generating from palladium hydride decomposition [21, 22] . For the Pd-Cu/Al2O3 catalyst with a high Pd:Cu ratio (Pd:Cu 2:1, 3:2, and 1:1), TPR of these catalysts shows both negative and positive peaks of Pd at around 90 °C, while the lower Pd:Cu ratio catalysts (Pd:Cu 1:2 and 1:4) show only positive TPR peaks. It is interesting to note that the negative peak at low temperature is smaller as the amount of Cu is increased in the prepared catalysts suggesting that less Pd hydride is formed. Moreover, the TPR peaks of PdO in calcined PdCu/Al2O3 are shifted to a higher temperature as the amount of Cu is increased. Furthermore, the reduction peaks of copper in the calcined Pd-Cu/Al2O3 are at a lower temperature than the reduction peak in the calcined Cu/Al2O3. These indicate the possibility of Pd-Cu interaction in the calcined PdCu/Al2O3 catalysts as suggested in the work done by Molenbroek et al. [23] . The Pd dispersion based on the results of hydrogen chemisorption on the studied catalysts are summarized in Table 1 . The Pd/Al 2 O 3 catalyst has 19% dispersion while the Pd-Cu/Al 2 O 3 catalysts with Pd to Cu ratio less than 1 show significantly lower Pd dispersion. However, for Pd-Cu/Al 2 O 3 catalysts with the Pd:Cu ratio higher than 1, the catalyst shows the metal dispersion at the similar level of the Pd/Al 2 O 3 catalyst. Moreover, only Pd:Cu 3:2 catalyst provides about 27% dispersion which is higher than the monometallic Pd catalyst. The results of temperature program reduction (TPR) of calcined catalysts are illustrated in Figure 3 . For the calcined copper on alumina (calcined Cu/Al 2 O 3 ), a broad positive peak which is maximum at 261 • C indicates the reduction of CuO by hydrogen. Interestingly, the TPR of calcined Pd/Al 2 O 3 has a negative peak at 88 • C possibly due to hydrogen generating from palladium hydride decomposition [21, 22] . For the Pd-Cu/Al 2 O 3 catalyst with a high Pd:Cu ratio (Pd:Cu 2:1, 3:2, and 1:1), TPR of these catalysts shows both negative and positive peaks of Pd at around 90 • C, while the lower Pd:Cu ratio catalysts (Pd:Cu 1:2 and 1:4) show only positive TPR peaks. It is interesting to note that the negative peak at low temperature is smaller as the amount of Cu is increased in the prepared catalysts suggesting that less Pd hydride is formed. Moreover, the TPR peaks of PdO in calcined Pd-Cu/Al 2 O 3 are shifted to a higher temperature as the amount of Cu is increased. Furthermore, the reduction peaks of copper in the calcined Pd-Cu/Al 2 O 3 are at a lower temperature than the reduction peak in the calcined Cu/Al 2 O 3 . These indicate the possibility of Pd-Cu interaction in the calcined Pd-Cu/Al 2 O 3 catalysts as suggested in the work done by Molenbroek et al. [23] . From the TPR results, Pd on all catalysts should be completely reduced by hydrogen at 300 °C, however, at this condition, copper may not be completely reduced to metallic Cu, particularly copper in the copper-rich catalysts (1:4, 1:2, and 1:1 Pd:Cu) may not be completely reduced. The XPS results, as shown in Figures 4 and 5, and summarized in Table 2 , also suggest a similar observation. In Figure  4 , the Pd 3d binding energy of reduced Pd/Al2O3 catalyst is observed at 334.2 eV with the full width at half maximum (FWHM) of 1.97, while the calcined catalyst (PdO/Al2O3) spectra shows at 336.4 eV with 1.23 FWHM. This confirmed that Pd from reduced Pd/Al2O3 and from PdO/Al2O3 are Pd(0) and Pd(II), respectively. The reduced Pd-Cu/Al2O3 catalysts show the Pd 3d spectra around 334.5-334.6 eV which is 0.3-0.4 eV higher than the reduced Pd/Al2O3 catalyst. This suggests that Pd may be electronically modified when Cu is added. In addition, Pd-Cu catalysts may contain some Pd+ species as suggested by the broader Pd 3d FWHM of Pd-Cu catalysts which is around 1.98-2.43 eV. The Pd may be oxidized possibly due to the brief exposure to air during sample transfer to XPS. As shown in Figure 5 , the Cu 2p3/2 is observed around 932.7 eV for the all the prepared catalysts containing copper. In addition, weak Cu 2p3/2 satellite peak are also observed at around 10 eV higher (B.E. about 940-945 eV) for the CuO/Al2O3, and copper-rich sample (1:4, 1:2, and 1:1 Pd:Cu on alumina catalyst) suggesting the presence of Cu 2+ [24] . Moreover, the satellite peak is also observed in reduced Cu/Al2O3 indicating that the sample is not completely reduced, possibly due to the reduction condition and the oxidation by air when transferring the samples to XPS. For the sample with low copper loading (3:2 and 2:1 Pd:Cu on alumina catalyst), the satellite peak is not clearly observed probably due to the low copper loading. In addition, the Pd/Cu intensity ratios of bimetallic catalysts From the TPR results, Pd on all catalysts should be completely reduced by hydrogen at 300 • C, however, at this condition, copper may not be completely reduced to metallic Cu, particularly copper in the copper-rich catalysts (1:4, 1:2, and 1:1 Pd:Cu) may not be completely reduced. The XPS results, as shown in Figures 4 and 5 , and summarized in Table 2 , also suggest a similar observation. In Figure 4 , the Pd 3d binding energy of reduced Pd/Al 2 O 3 catalyst is observed at 334.2 eV with the full width at half maximum (FWHM) of 1.97, while the calcined catalyst (PdO/Al 2 O 3 ) spectra shows at 336.4 eV with 1.23 FWHM. This confirmed that Pd from reduced Pd/Al 2 O 3 and from PdO/Al 2 O 3 are Pd(0) and Pd(II), respectively. The reduced Pd-Cu/Al 2 O 3 catalysts show the Pd 3d spectra around 334.5-334.6 eV which is 0.3-0.4 eV higher than the reduced Pd/Al 2 O 3 catalyst. This suggests that Pd may be electronically modified when Cu is added. In addition, Pd-Cu catalysts may contain some Pd+ species as suggested by the broader Pd 3d FWHM of Pd-Cu catalysts which is around 1.98-2.43 eV. The Pd may be oxidized possibly due to the brief exposure to air during sample transfer to XPS. As shown in Figure 5 , the Cu 2p 3/2 is observed around 932.7 eV for the all the prepared catalysts containing copper. In addition, weak Cu 2p 3/2 satellite peak are also observed at around 10 eV higher (B.E. about 940-945 eV) for the CuO/Al 2 O 3 , and copper-rich sample (1:4, 1:2, and 1:1 Pd:Cu on alumina catalyst) suggesting the presence of Cu 2+ [24] . Moreover, the satellite peak is also observed in reduced Cu/Al 2 O 3 indicating that the sample is not completely reduced, possibly due to the reduction condition and the oxidation by air when transferring the samples to XPS. For the sample with low copper loading (3:2 and 2:1 Pd:Cu on alumina catalyst), the satellite peak is not clearly observed probably due to the low copper loading. In addition, the Pd/Cu intensity ratios of bimetallic catalysts were 10 The addition of Cu to Pd/Al 2 O 3 catalyst leads to both electronic and geometric modifications [25, 26] . For geometric effect, Cu may induce Pd to be more exposed at the metal surface, particularly at Pd:Cu 3:2, which also has the highest Pd dispersion.
The Pd:Cu 3:2 catalyst was selected to study the effect of prolonged reaction time by refilling the system with concentrated vinyl acetylene mixed C4 without catalyst replacement for six cycles. Each reaction cycle proceeded until vinyl acetylene was completely used up, which takes about 5-7 h. The reaction rate and 1,3-butadiene selectivity as the function of reaction cycles are illustrated in Figures 6 and 7 , respectively. As observed in Figure 6 , the rate of reaction in case of using Pd:Cu 3:2 catalyst is decreased until four cycles, and then it is relative stable. On the other hand, Pd/Al 2 O 3 catalyst indicates the continuously decreasing reaction rate along six cycles. Interestingly, catalyst Pd/Al 2 O 3 provides higher 1,3-butadiene selectivity than Pd:Cu 3:2 catalyst as shown in Figure 7 (except cycle 6). The Pd:Cu 3:2 catalyst has potential to improve the catalyst stability for the hydrogenation of vinyl acetylene. The addition of Cu to Pd/Al2O3 catalyst leads to both electronic and geometric modifications [25, 26] . For geometric effect, Cu may induce Pd to be more exposed at the metal surface, particularly at Pd:Cu 3:2, which also has the highest Pd dispersion.
The Pd:Cu 3:2 catalyst was selected to study the effect of prolonged reaction time by refilling the system with concentrated vinyl acetylene mixed C4 without catalyst replacement for six cycles. Each reaction cycle proceeded until vinyl acetylene was completely used up, which takes about 5-7 h. The reaction rate and 1,3-butadiene selectivity as the function of reaction cycles are illustrated in Figures  6 and 7 , respectively. As observed in Figure 6 , the rate of reaction in case of using Pd:Cu 3:2 catalyst is decreased until four cycles, and then it is relative stable. On the other hand, Pd/Al2O3 catalyst indicates the continuously decreasing reaction rate along six cycles. Interestingly, catalyst Pd/Al2O3 provides higher 1,3-butadiene selectivity than Pd:Cu 3:2 catalyst as shown in Figure 7 (except cycle 6). The Pd:Cu 3:2 catalyst has potential to improve the catalyst stability for the hydrogenation of vinyl acetylene. The addition of Cu to Pd/Al2O3 catalyst leads to both electronic and geometric modifications [25, 26] . For geometric effect, Cu may induce Pd to be more exposed at the metal surface, particularly at Pd:Cu 3:2, which also has the highest Pd dispersion.
The Pd:Cu 3:2 catalyst was selected to study the effect of prolonged reaction time by refilling the system with concentrated vinyl acetylene mixed C4 without catalyst replacement for six cycles. Each reaction cycle proceeded until vinyl acetylene was completely used up, which takes about 5-7 h. The reaction rate and 1,3-butadiene selectivity as the function of reaction cycles are illustrated in Figures  6 and 7 , respectively. As observed in Figure 6 , the rate of reaction in case of using Pd:Cu 3:2 catalyst is decreased until four cycles, and then it is relative stable. On the other hand, Pd/Al2O3 catalyst indicates the continuously decreasing reaction rate along six cycles. Interestingly, catalyst Pd/Al2O3 provides higher 1,3-butadiene selectivity than Pd:Cu 3:2 catalyst as shown in Figure 7 (except cycle 6). The Pd:Cu 3:2 catalyst has potential to improve the catalyst stability for the hydrogenation of vinyl acetylene. The TPO was used to characterize the deposited carbon on spent catalysts. The TPO profiles of spent catalysts are shown in Figure 8 . The used Pd catalyst shows a broad TPO peak around 200 to 600 • C while the used Pd-Cu catalyst containing highest Cu (at Pd:Cu = 1:4) shows between 120 and 470 • C. The order of peak boarding are Pd/Al 2 O 3 > Pd:Cu 2:1 > Pd:Cu 3:2 > Pd:Cu 1:1 > Pd:Cu 1:2. It can be inferred that a higher Cu content reflects a lower TPO temperature.
Carbon content of spent catalysts is calculated and shown in Table 3 . Among one reaction cycle, the carbon content of Pd-Cu/Al 2 O 3 catalysts is not significantly lower than of Pd/Al 2 O 3 catalyst. The Pd/Al 2 O 3 catalyst has carbon content 2.12 wt % while Pd-Cu/Al 2 O 3 catalysts have carbon content in the same magnitude, 1.79-2.62 wt %. On the other hand, among spent catalyst with six reaction cycles, Pd:Cu 3:2 catalyst produces carbon to 3.19 wt % while Pd/Al 2 O 3 catalyst shows carbon content 5.96 wt %. Therefore Pd-Cu/Al 2 O 3 catalyst can inhibit the polymerization of polyolefins in this system and should promote the longer catalyst life. Table 3 . Deposited carbon on spent catalysts performed reaction tests of one and six cycles.
Catalysts
Deposited Carbon, wt % The TPO was used to characterize the deposited carbon on spent catalysts. The TPO profiles of spent catalysts are shown in Figure 8 . The used Pd catalyst shows a broad TPO peak around 200 to 600 °C while the used Pd-Cu catalyst containing highest Cu (at Pd:Cu = 1:4) shows between 120 and 470 °C. The order of peak boarding are Pd/Al2O3 > Pd:Cu 2:1 > Pd:Cu 3:2 > Pd:Cu 1:1 > Pd:Cu 1:2. It can be inferred that a higher Cu content reflects a lower TPO temperature.
Carbon content of spent catalysts is calculated and shown in Table 3 . Among one reaction cycle, the carbon content of Pd-Cu/Al2O3 catalysts is not significantly lower than of Pd/Al2O3 catalyst. The Pd/Al2O3 catalyst has carbon content 2.12 wt % while Pd-Cu/Al2O3 catalysts have carbon content in the same magnitude, 1.79-2.62 wt %. On the other hand, among spent catalyst with six reaction cycles, Pd:Cu 3:2 catalyst produces carbon to 3.19 wt % while Pd/Al2O3 catalyst shows carbon content 5.96 wt %. Therefore Pd-Cu/Al2O3 catalyst can inhibit the polymerization of polyolefins in this system and should promote the longer catalyst life. 
Materials and Methods
The concentrated vinyl acetylene mixed C4 was obtained from Bangkok Synthetics Co., Ltd 
The concentrated vinyl acetylene mixed C4 was obtained from Bangkok Synthetics Co., Ltd Prior to experiment, γ-Al 2 O 3 was pretreated at 1000 • C in a furnace for 2 h to obtain the mixed phases of alumina [27] . We also found that Pd supported on alumina, pretreated at 1000 • C, provided much less carbon deposition (three times less) than untreated γ-Al 2 O 3 , while the 1,3-butadiene yield is also increased, but not significant (about 2%). Subsequently, the pretreated Al 2 O 3 were impregnated by palladium (II) nitrate dihydrate aqueous solution to obtain 0.3 wt % Pd loading on the alumina. The Pd-Cu/Al 2 O 3 catalysts were prepared by sequential impregnation; the support was first impregnated by palladium (II) nitrate dihydrate precursor, then dried at 110 • C and calcined at 500 • C for 1 h. Subsequently, the calcined Pd/Al 2 O 3 was further impregnated by the aqueous solution of copper (II) nitrate trihydrate. The Pd-Cu/Al 2 O 3 catalysts were prepared by varying Pd/Cu atomic ratios from 1:4 to 2:1. The impregnated catalysts were then dried at 110 • C for 8 h and calcined in a furnace at 500 • C for 3 h. The calcined catalysts were reduced by hydrogen at 300 • C for 1 h prior to use.
The reaction was conducted in a recirculating liquid phase through an external fixed-bed reactor (Swagelok Company, Solon, OH, USA) as described in previous work [28] . The known amount of reduced catalyst (0.5 g) was packed in 1/2 inch stainless steel tube fixed-bed reactor. Prior to reaction, the system was sufficiently purged by nitrogen to remove residue oxygen, and the catalyst was reduced in situ by flowing hydrogen at 150 • C for 8 h in order to treat Pd oxide possibly formed during the sample transfer. Subsequently, 650 mL of hexane was filled into the sample reservoir and the system was again purged by nitrogen. Then, the concentrated vinyl acetylene mixed C4 was introduced into the sample reservoir. After that, hydrogen was applied to the reservoir at 5.5 bar. The liquid mixture in the sample reservoir was continuously stirred by a magnetic stirrer and recirculated by a diaphragm pump through the fixed-bed reactor at a flow rate 700 mL/min since we have checked by varying the flow rate and found that at least 400 mL/min is required to avoid external diffusion limitation. The temperature of the fixed-bed reactor and sample reservoir was controlled by a temperature controller (OMRON Electronics Co., Ltd, Bangkok, Thailand). To quantitatively analyze for compositions, a sample was sent every 30 min for gas chromatography (HP, 5890 II Plus) (Agilent Technologies, Inc., Santa Clara, CA, USA) which was equipped with flame ionization detector (FID) and GS-alumina capillary column. The reaction rate and product selectivity were then obtained from the analysis of C4 compositions.
The reaction rate, vinyl acetylene conversion, 1,3-butadiene selectivity, and 1,3-butadiene yield were calculated as described below:
%1, 3-butadiene yield = %Vinyl acetylene conversion × %1, 3-Butadiene selectivity (4) where: VA i = initial mole of vinyl acetylene VA f = final mole of vinyl acetylene t = reaction time in hour W cat = catalyst weight in gram BD i = initial mole of 1,3-butadiene BD f = final mole of 1,3-butadiene
The amount of palladium extracted from the prepared catalysts was determined by a Varian SpectrAA 300 atomic absorption spectroscopy. The reduced catalysts (0.05-0.2 g) were digested in 3 mL of 48% hydrofluoric acid at 50 • C for 6 h. Then 1 mL of aqua regia was added and the solution was kept at 50 • C overnight. After that, it was filtered by syringe filter and diluted by deionized water.
Dispersion of palladium was determined by hydrogen chemisorption. The exposed Pd atom on the surface was calculated from the dissociative chemisorbed hydrogen. First, the reduced catalysts were packed in a quartz tube reactor and heated up to 120 • C with a ramping rate 10 • C/min, and was then kept for 30 min under a hydrogen gas flow. Subsequently, helium was flowed over the catalyst at 120 • C for 30 min. Then, the known amount of hydrogen was pulsed to the reactor containing the catalyst at the previous temperature. The surface of Pd was considered to be saturated when the pulsed hydrogen coming out with the same area of the thermal conductivity detector (TCD) signal for at least three consecutive pulses.
Temperature program reduction, TPR, was performed by heating the calcined catalysts at the rate 10 • C/min from 30-800 • C in a 10 mL/min flow rate of 5% hydrogen in argon gas. The signal of hydrogen were detected by TCD.
For temperature program oxidation, TPO, 5% oxygen in helium gas was flowed over the spent catalysts which packed in quartz tube reactor. The sample of spent catalysts was heated up from 30-900 • C with 10 • C/min ramping rate. The effluent gases (CO 2 and/or CO) generated from oxidation of deposited carbon compounds on the spent catalysts was passed through a methanator which converts CO/CO 2 to methane. The methane was detected by using a flame-ionized detector (FID). Quantification of methane was calibrated by pure methane with 100 µL pulse. Therefore, the carbon content of the spent catalysts was then determined.
The reduced catalysts were also characterized by X-ray photoelectron spectroscopy (XPS, Kratos Model Axis Ultra DLD, Manchester, UK) analyzing area 700 µm × 300 µm, using a monochromator Al K alpha X-ray source and operating at 10 mA anode HT 15 kV. The Pd 3d and Cu 2p spectra were reported with respect to the C 1s spectra (284.6 eV).
Conclusions
The Pd/Al 2 O 3 and Pd-Cu/Al 2 O 3 catalysts were prepared by incipient wetness impregnation and tested for the hydrogenation of vinyl acetylene in the waste stream from the butadiene extraction process. The results show that the adding Cu to Pd/Al 2 O 3 catalysts can increase the rate of reaction, while decreasing the amount of carbon deposited on spent catalyst. However, the 1,3-butadiene selectivity is not significantly changed. In addition, among the prepared Pd and Pd-Cu/Al 2 O 3 catalysts, Pd:Cu 3:2 catalyst provides the highest reaction rate possibly due to highest Pd dispersion. On the other hand, catalysts with low Pd:Cu ratios, 1:4, 1:2, and 1:1, provide higher TOF number. The stability test found that, compared to Pd catalysts, Pd:Cu 3:2 catalyst has the potential to improve the activity and selectivity for long-term application. Author Contributions: P.I. and B.K. designed and conducted the experiments; analyzed the data; and wrote the article.
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